The effective nuclear charges, which are empirical parameters in the approximate spin-orbit Hamiltonian, are determined for the first-and second-row elements in the periodic table using the experimental results of the fine structure splittings in the doublet and triplet II states of AH molecules (A is an atom in the first or second row). All calculations are performed using the full optimized reaction space multiconfiguration selfconsistent-field wave functions with the 6-3 lG(d,p) basis set. Using these effective nuclear charges, the fine structure splittings calculated for the doublet and triplet II states of many diatomic molecules are in excellent agreement with experimental results. These charges are also applied to evaluate spin-orbit coupling constants connecting singlet and triplet states in some diatomic molecules and H2C0.
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(24) Jungen, Ch. J . Chem. Phys. 1970, 53, 4168. (25) Huber, K. P.; Miescher, E. Helv. Phys. Acta 1963, 36, 257. (26) type MCSCF calculations are relatively small. Unfortunately, the calculations of the full two-electron terms is rather timeconsuming when transition probabilities are estimated near the seams of potential energy surfaces, which usually requires expanded active spaces. The present study employs larger active spaces for FORS-type MCSCF calculations of spin-orbit interactions, by using the following approximate Hamiltonian as a qualitative semiempirical alternative to the more accurate and more time-consuming full calculations: (1) where a is the fine structure constant, and i and a index the electrons and nuclei, respectively. This Hamiltonian consists only of the one-electron terms of the Breit-Pauli Hamiltonian, and the effective nuclear charge Zen, intended to circumvent the need for the two-electron spin-orbit integrals, must be adjusted to reproduce experimental results. Several authors have reported success with such a model using all electron calculations7-" and several effective core potential (ECP) methods12 that incorporate spin-orbit coupling as part of the parametrization. The ECP methods are very useful, especially for heavier atoms, but the inner shells are not included and these methods are not ordinarily used for lighter atoms. Thus, although the exact calculation^^^ and the ECP calculationsI2 are advantageous when they are applicable, it is still useful to have a parametrized one-electron method that is reliable.
We propose here numerical values of Zen for the first-and second-row atoms in the periodic table at the MCSCF computational level, because no systematic investigation has been accomplished using correlated wave functions. Zen will be adjusted to reproduce the fine structure splittings (FSSs) in the lI states of AH molecules, where A is an atom in the first or second row of the periodic table. Using the proposed Z,, the FSSs in the II states of many diatomic molecules are predicted. We also report the results of preliminary calculations for the spin-orbit coupling constants connecting singlet and triplet states in some diatomic molecules and H2C0.
II. Metbods of Calculation
All calculations were camed out employing the 6-31G(d,p) basii set.I3 The orbital exponents of the polarization functions are those determined by the Pople group.I4 The MCSCF wave functions were obtained using the full optimized reaction space (FORS) model defined by Ruedenberg et al.,I5 and the active space of these MCSCF calculations includes all valence electrons and orbitals. First, the spin-orbit coupling constants (SOCs) given by eq 1 are calculated as the FSSs for the II states of AH molecules, with the effective nuclear charges Z,, in q 1 set to the true nuclear charges of A and H. In previous studies7-" only one-center integrals were employed in order to determine Zcff, because two-center integrals apparently cancel the contribution from two-electron terms. The present study employs all one-electron integrals to determine Zeff, because two-center integrals seem to rarely affect Z,, as described in the next section." Second, on the assumption that Z, for H is always equal to 1 (its true nuclear charge), 2 , for A is adjusted to reproduce the experimental value of the FSS in the ll state of AH. Finally, the adjusted Zeff is employed to estimate the FSSs in the ll states of AB molecules.
Because there are few experimental results for rare gases, these atoms were not included.
AU calculations were accomplished using the quantum chemistry codes ALIW and GAMESS." Several subroutines were added using the true nuclear charges for Zep Walker et a1.7 determined Z, using only the onecenter terms, because the two-center terms were predicted to cancel the contribution from the two-electron terms. Table I lists both the one-center and the sum of the one-center and two-center contributions to the one-electron part of the FSS. The diffmnces between these values, the Contribution from the two-center terms, are smaller than 1 cm-' except for SiH+, and they always make the FSSs larger. In this study, all one-electron integrals are employed to determine Z,, since the contributions from the two-center terms are very small.
Our calculated FSSs for AH molecules are always larger than the experimental resUlts.l8 This suggests that Z, is always smaller than Z. On the basis of the ratio of Table 11 , it is proposed that the effective nuclear charges Zeff for the first-and second-row atoms be determined by the following equations: Table 11 . The summary of our calculated results for nearly 80 electronic states of AB molecules is given in Table 111 . For all but eight of these species, the absolute and percent errors are within 20 cm-' and 20% respectively. Three of the remaining eight (ClO, S ; , and C12+) have rather large Fsss and the absolute errors are larger than 20 cm-l, but their percent errors are less than 20%. To explore the effect of basis set on the FSS predictions for these three molecules, their FSS values were recalculated using the MCSCF/MC-31 lG(d,p) methodlg and the Zeff in Table 11 . Only modest improvement is obtained (258.96 cm-I for C10,372.12 cm-I for S2-, and 659.55 cm-I for C12+), but these results seem to be reasonable. This leaves five species (C2+, BeF, 02+, AIS, and P2+; less than 10% of the sample species) which have errors in FSS that need to be considered further.
The calculated FSS (34.91 cm-I) for the X211u state of C2+ is 4 times as large as its experimental value (8 cm-I). The main electron configuration of this state is The electronic state, whose main configuration has only one 7r electron (core) (2sug) 2(2s~u)2(2P~~)2(2P*u) ' (2P*,)0(2P~u)0 is an excited state, so that this configuration need not be considered The ground X211 state in P2+ also has three r electrons, and the calculated FSS is larger than its experimental valuela by more than 100 cm-'. The addition of extemal correlation and the use of the better basis set have the same effect on P2+ as on C2+.
Therefore, these may well be cases for which the contribution from the two-electron terms in the spin-orbit Hamiltonian are essential for an adequate description of the spin-orbit coupling. Although the latest experimental valuela for the A%, state in 02+ is 3.6 cm-I, Langhoff and Kerngb employed 8.2 cm-I as an experimental value for this state. Our calculated FSS (6.17 m-l) is close to the old experimental value and seems to be better than the result (48.0 cm-') obtained by Ishiguro and Kobori.Io Improvement of the basis set to MC-31 lG(d,p) causes a slight increase in the predicted FSS (to 6.89 cm-I).
C. Preliminary Applications. In this section, the spin-orbit couplings (SOCs) connecting singlet and triplet states are estimated using the Zen in (Table IV) with the SOCs evaluated by Furlani and King FK included the two-electron terms explicitly and employed MCSCF methods, in which the active space includes two r orbitals. Generally speaking, the agreement between the FK values and the present work is quite good. Unfortunately, no experimental values are available for these species.
The SOC connecting the XIAI and 3A2(n-.?r*) states in H2C0 has also been estimated as an example of applications to polyatomic molecules. Langhoff and Davidsonz' have reported that the transition energy from X'A, to 3A2 is 27 674 cm-' and the SOC between these states is 61 -97 cm-I, when the 3A2 state is assumed to have a planar structure.22 In our calculations, the MCSCF active space includes 10 valence orbitals and 12 valence electrons, giving rise to 3588 CSFs for X'AI and 5196 CSFs for 3A2. Although the geometrical structure of the 3A2 state is actually nonplanar, planar structures were adopted for both states in order to facilitate comparison with the results of Langhoff and Davidson.21 The MCSCF equilibrium structures of these states are obtained as shown in Figure 1 , and the 0-0 transition energy (or the energy difference between the two structures) is estimated to be 30029 cm-I. The SOC is predicted to be 64.20 cm-I at the X'A, structure or 66.69 cm-' at the structure. Thus, we find excellent agreement between our results and the previous studies.
IV. summary
The effective nuclear charges in the approximate spin-orbit Hamiltonian (eq 1) are determined for the first-and second-row elements in the periodic table. Our approach produces excellent estimates for the fine structure splittings in many diatomic molecules. The errors in our predictions are generally smaller than 20 cm-I or 20%. The spin-orbit coupling constants connecting the lowest ' 2 and 3E: states in some diatomic molecules and connecting the X'A, and 3A2(n--.+) states in H2C0 are also evaluated using our effective nuclear charges. The calculated results seem to be rather satisfactory, and the applicability of our effective nuclear charges may be verified by further studies on many larger molecules.23
